A full-waveform inversion of two-ship, wide-aperture, seismic reflection data from a ridgecrest seismic line at the southern East Pacific Rise indicates that the axial magma chamber here is about 50 m thick, is embedded within a solid roof, and has a solid floor. The 50-60-m-thick roof is overlain by a 150-200-m-thick low-velocity zone that may correspond to a fracture zone that hosts the hydrothermal circulation, and the roof itself may be the transition zone separating the magma chamber from circulating fluids. Furthermore, enhanced hydrothermal activity at the sea floor seems to be associated with a fresh supply of magma in the crust from the mantle. The presence of the solid floor indicates that at least the upper gabbros of the oceanic lower crust are formed by cooling and crystallization of melt in magma chambers.
INTRODUCTION
Crustal accretion at intermediate-and fastspreading centers is influenced by the tectonic and magmatic events, magma supply, and nature of the axial magma chamber and by hydrothermal circulation. At fast-and superfast-spreading centers-e.g., the East Pacific Rise where seismic reflections from crustal magma chambers (Detrick et al., 1993; Kent et al., 1994) and vigorous hydrothermal circulations (Baker and Urabe, 1996) have been observed-cooling and crystallization of the crustal magma body by hydrothermal circulation should influence the seismic structure of the crust. Geochemical studies of hydrothermal fluids (Cann et al., 1985) and theoretical calculations of hydrothermal systems on the ridge axis (Lowell and Germanvich, 1997) suggest that hydrothermal fluid should penetrate close to the magma chamber, but the effect of such penetration has not been observed from seismic studies, because, until very recently, only the large-scale P-wave velocity structures have been determined, by using either onedimensional forward modeling and inversion of wide-angle data (Harding et al., 1989; Vera et al., 1990; Tolstoy et al., 1997) or two-and threedimensional traveltime tomographic techniques (Toomey et al., 1990; Toomey et al., 1994) . Some waveform inversions of seismic reflection data have been used to obtain the detailed velocity structure of layers 2A and 2B and of the magma chamber (Hussenoeder et al., 1996; Collier and Singh, 1997; Singh et al., 1998) . Most seismic studies of magma chambers have been limited by the aperture of seismic reflection data (Hussenoeder et al., 1996; Collier and Singh, 1997) and/or by assumptions regarding the properties of the material just above and below the melt sill (Hussenoeder et al., 1996) ; therefore, these studies have not provided a detailed velocity structure just above and below the magma chamber where the cooling and crystallization of melt by hydrothermal circulation may have a seismic signature. Neves and Singh (1996) suggested that full-waveform inversion of reflection data from all offsets simultaneously could provide an accurate and unbiased, detailed velocity estimation of the crust. Here we present the detailed P-wave and S-wave velocity structures in the vicinity of the magma chamber at two locations near 14°S, on the East Pacific Rise, deter-Data Repository item 9924 contains additional material related to this article. mined through the use of a waveform-inversion technique, which provides new insights regarding hydrothermal circulation and the cooling and crystallization of melt in the magma chamber.
DATA AND METHOD
The seismic data used in this study were acquired during the Two-ship multichannel seismic Experiment on the Rise Axis (TERA) experiment at 14°10′S along the southern East Pacific Rise (Tolstoy et al., 1997; Detrick et al., 1993) . Stacked seismic data show the presence of a continuous layer 2A and axial magma chamber (AMC) along the whole profile (Fig. 1) . The bathymetry along the ridge crest is nearly flat (Sheirer and Macdonald, 1993) , and three or four hydrothermal plumes seem to be present within the study area (Baker and Urabe, 1996) . We selected two common mid-point (CMP) gathers, CMP 1625 and CMP 2488, spaced 9.5 km apart along one segment of the ridge axis ( Fig. 1) away from the deviation from axial linearity. Both CMP gathers contain reflections from the seabed, turning rays from layers 2A and 2B, and strong AMC reflections. In CMP gather 1625, the amplitude of the AMC reflection is strong up to 2.25 km offset, merges into the seabed-reflection events, reappears at 3.7 km, and continues up to 7.26 km offset ( Fig. 2A) . In CMP 2488, the AMC reflection disappears between 1.8 and 3.76 km offset but is otherwise present (Fig. 2B) . Apart from the P-wave reflection from the AMC, an S-wave (PmeltS) reflection from the AMC can be observed on CMP 2488 . Collier and Singh (1998) have shown the presence of other S-wave arrivals in the data. The waveform inversion that we have used has been presented in detail elsewhere Singh et al., 1998) . The inversion provides the detailed P-and S-wave velocities of the crust at 8 m intervals by improving the fitness between observed data and synthetically calculated data.
INVERSION RESULTS
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ROOF AND FLOOR OF THE AMC
From Figure 3 we observe that the AMC is overlain by a 50-60-m-thick, high-velocity (6.0-6.2 km/s) roof layer and is underlain by at least a 150-200-m-thick high-velocity floor. Previous studies based on modeling of refraction data suggested the presence of low velocities immediately above and below the melt sill (Vera et al., 1990; Toomey et al., 1990) . The low velocity just above the AMC has been interpreted to be due to a thermal anomaly (Vera et al., 1990; Toomey et al., 1994) , and the low velocity below the AMC is thought to represent a mush zone underlying the melt sill. However, Vera et al. (1990) also showed an ~90-m-thick layer with a high P-wave velocity (6.2 km/s) at 250 m above the AMC. The waveform inversion of long-offset reflection data (0.26-7.26 km) provides a much better constraint on the detailed P-wave and S-wave velocity structures, and thus the thickness and depth of velocity anomalies, compared to previous studies. To demonstrate that these features are not artifacts of inversion, we calculated residuals for models that do not contain these features (supplementary Figs. S3, S4, S5, see footnote 1); the calculated residuals suggest that these features are required by the data. If we assume that the P-wave velocity of solid crystals at 1000°C and 200 MPa is 6.2 km/s, then the percentage of melt in the high-velocity layers should be less than 2% (Mainprice, 1997; Collier and Singh, 1997) , which suggests that the roof and floor are basically solid. These solid layers could be formed by cooling and crystallization of melt within the magma chamber, as suggested by Worster et al. (1990) , who showed that the crystallization occurs predominantly in the interior or at the floor of the magma chamber owing to convection, even if the heat is predominantly lost from the roof. If we assume that the melt consists of 80% diopside component and 20% anorthite component in a 50-m-thick magma chamber, it would take about 50 yr to completely solidify the melt (Fig. 3D) (Worster et al., 1990) . The relative thickness of the roof and floor layers will depend on the size of the magma chamber and chemistry of the melt. The presence of a solid floor at least 100-150 m thick suggests that the gabbros of oceanic lower crust, at least the upper gabbros, are formed in a thin (50 m) magma body. This interpretation is consistent with the layered gabbro sequence of the Oman ophiolite that developed from progressive crystallization and subsidence of the floor in a relatively thin (100-200 m) magma chamber (Browning, 1984 ). Since our model does not have any resolution beyond 200 m below the AMC, the presence of other magma bodies below the AMC (Boudier et al., 1996) or of a low-velocity mushy layer (Toomey et al., 1990 ) cannot be ruled out.
HYDROTHERMAL CIRCULATION
The inversion results at both locations indicate that the P-wave and S-wave velocities in a 100-150-m-thick layer above the roof are slightly lower than those of the surrounding rocks (roof and dike) (Fig. 3, A and C) . This lowvelocity layer seems to be present immediately below or within the sheeted-dike sequence. Vera et al. (1990) showed the presence of a 300-mthick low-velocity anomaly just above the lowvelocity AMC from modeling of a ridge-parallel expanding-spread profile at 9°N on the East Pacific Rise, and in tomographic studies, Toomey et al. (1994) observed a 400-600-m-thick layer with anomalously low P-wave velocity above the AMC near 9°30′N. From analysis of an expanding-spread profile, Harding et al. (1989) reported the presence of an 800-m-thick low-velocity layer 9.5 km away from the ridge crest near 13°N on the East Pacific Rise. This low velocity could be due to a thermal anomaly above the AMC or a hydrothermally fractured layer, assuming that the roof and the low-velocity zone have the same primary lithology. A subsolidus thermal anomaly would be expected to cause a decrease in the P-wave velocity without any change in the S-wave velocity (Vera et al., 1990; Toomey et al., 1994) , whereas a porosity-caused anomaly would reduce both P-wave and S-wave velocities (Berge et al., 1992) . At CMP 1625 and CMP 2488, both P-wave and S-wave velocities decrease in the low-velocity zone by about 0.3-0.5 km/s from the neighboring velocities. If the low velocity is caused by a thermal anomaly, the high-velocity roof layer should also be affected, because it is closest to the AMC. Therefore, we suggest that this low-velocity layer is produced by a hydrothermal fracture front and may represent the base of hydrothermal circulation. The heat transfer into this layer from the AMC is likely to be through conduction (Norton, 1984) . Conductive heat transfer alters both the local state of stress and the principal stress trajectories through expansion of the host rock. The release of these stresses could increase rock permeability by increasing the number of fractures or their aperture and/or continuity, while simultaneously decreasing both P-wave and S-wave velocities. If we assume that the porosity in the dike sequence is about 4%-5% , then the porosity in the hydrothermally fractured zone could be about 6%-7% (Toksoz et al., 1976) . If our interpretation is valid, then seawater should penetrate down to the roof of the magma chamber. Geochemical analysis of basalt from mid-ocean ridges does seem to indicate the existence of a brine layer above the AMC (Michael and Schilling, 1989) .
Hydrothermal studies at the southern East Pacific Rise show the presence of extensive hydrothermal activity (Baker and Urabe, 1996) ; hydrothermal plumes overlie about 60% of the length of ridge axis between 13°50′ and 18°40′S, and at least six discharge areas between 14° and 15°S (Baker and Urabe, 1996) are present. Singh et al. (1998) observed three 2-4-km-long puremelt regions between 14° and 14°36′S at 15-20 km intervals, and these melt regions seem to be associated with the hydrothermal plumes (Fig. 4) . Since the pure melt segments correspond to fresh (hot) supplies of magma in crust, which are capable of erupting, we suggest that these hydrothermal activities are associated with melt delivery in crust from mantle, and subsequent fracturing and eruption. This interpretation is consistent with the pronounced decrease in seismic velocities at CMP 2488, where the melt is fresh. At CMP 1625, where the mush is present, the decrease in velocity is less pronounced, which suggests that the melt has solidified to mush and much of the fracture permeability in the overlying dikes has closed due to cooling or been filled by hydrothermal precipitates. Cann et al. (1985) argued that the magmatic heat is transferred by conduction through a thin transition zone at the top of the magma chamber. The thickness of the transition zone depends on the balance between heat flow to the edge of the magma chamber through convection and/or convection and heat removed by the hydrothermal system. The transition zone between the sheeteddike complex and the plutonic sequence in the Samail ophiolite complex is marked by a sharp downward decrease in intensity of the hydrothermal alteration; the plutonic sequence is basically unaltered (Nehlig, 1994 ). Thus, a major hydrothermal decoupling between the plutonic sequence and the sheeted-dike complex (Gregory and Taylor, 1981) is required. The high-velocity roof layer determined from the waveform inversion could be the seismic indication of this transition. Robust hydrothermal circulation just 50 m above the AMC should efficiently cool and crystallize the magma to produce solid roof and floor layers and a thin magma chamber.
